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Abstract  
Temperature-dependent erosivity of drinks in a model simulating oral fluid dynamics 
 
Objectives 
Aim of this investigation was to study the temperature-dependent in vitro enamel erosion of 
five acidic drinks and citric acid under controlled conditions in an artificial mouth.  
 
Methods 
The erosive potential of Orange juice, Coca-Cola Zero, Sprite Zero, two fruit teas and citric 
acid (control) was investigated on bovine enamel specimens at temperatures between 5 °C 
and 55 °C. The pH values and total calcium content of all test drinks were determined. 
Specimens were immersed into an artificial mouth to imitate physiological oral conditions for 
60 h. Cyclic de- and re-mineralization was performed, imitating the intake of six drinks in six 
h followed by a six-hour remineralization phase, where only artificial saliva ran over the 
specimens. Total erosive enamel loss was determined by contact profilometry. Differences in 
substance loss at different temperatures were tested for statistical significance (p-values ≤ 
0.05) by means of ANOVA.  
 
Results 
Rising liquid temperature did not result in a considerable change of pH. Highest substance 
loss was observed for citric acid (33.6 ± 6 µm to 38.7 ± 6 µm), while only little erosion was 
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induced by fruit tea (0.8 ± 1 µm to 5.9 ± 1 µm). Rising liquid temperature did not result in 
significantly increased substance loss for citric acid, orange juice and Coca-Cola Zero. Sprite 
Zero and both fruit teas, however, caused significantly (p < 0.001) more enamel loss at 
elevated temperature.  
 
Conclusions 
Not all investigated drinks showed a temperature-induced change in erosivity.  
 
Clinical Significance 
For some erosive beverages it can be recommended to keep the consummation temperature as 
low as possible to decrease the risk of erosive tooth substance loss.   
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Introduction 
Dental erosion is defined as a loss of tooth substance by chemical processes without 
involvement of bacteria [1]. Erosive tooth wear is on the rise, affecting between 4% and up to 
100% of adults examined, depending on the population studied and the examination standard 
used [2]. Furthermore, prevalence of erosion increases, especially among younger age groups 
[3–6]. Parallel to this development, a globally increasing consumption of soft drinks has been 
observed [7]. While high soft drink consumption is associated with overweight, obesity and 
diabetes [8–10], it is also affecting dental health due to an increased risk for dental caries [11] 
and dental erosion [8, 12, 13]. Furthermore, erosion that is caused by beverages has not only 
been linked to the consumption of acidic carbonated drinks, but also to the intake of fruit 
juices, acidic sports drinks, wines, cider and acidic herbal teas [14]. 
Apart from frequency and timing of intake, the erosive effect of acidic beverages is also 
influenced by factors including type and concentration of acid, pH value, amount of titratable 
acid and buffer capacity [15, 16]. Since most chemical reactions are affected by temperature, 
it was hypothesized that the consumption of hot erosives results in increased enamel loss. 
Several studies confirmed this assumption by finding increasing erosive action of liquids with 
rising temperature [17–20]. The influence of the temperature of erosive drinks in interaction 
with the remineralizing action of saliva, however, has rarely been investigated. Saliva is one 
of the most relevant factors for the prevention and development of dental erosion. It develops 
its protective properties by (1) diluting and clearing of acid, (2) neutralizing and buffering of 
acid, (3) by formation of the acquired pellicle through adsorption of salivary proteins and 
glycoproteins, which protect the enamel surface from demineralization and (4) by providing 
calcium, phosphate and fluoride necessary for maintaining a supersaturated state close to the 
tooth surface and for rehardening of eroded tooth substance [14, 21–23]. The relevance of 
saliva and its flow rate on the initiation and magnitude of erosion was shown experimentally, 
as well in clinical studies [24, 25]. Patients with reduced salivary flow rate or reduced 
buffering capacity are particularly susceptible to erosive tooth loss [26].  
Individual drinking habits determine the contact time between acidic agens and tooth 
substance, the liquid flow rate and of course the localization of erosive action [27–30]. 
Therefore, erosion may not only be prevented by reducing the consumption of acidic foods 
and beverages but also through alteration of the drinking habits [29, 31]. Beverage 
temperature would be one of the factors that can be modified.  
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Consequently, the aim of the present investigation was to study the temperature-dependent in 
vitro bovine enamel erosion of five differently tempered beverages in interaction with 
remineralizing action of artificial saliva under controlled conditions in an artificial mouth. 
 
Materials and Methods 
Experimental procedure 
Figure 1 schematically illustrates the experimental procedure. The temperature-dependent 
erosive potential of five beverages and citric acid (control) was investigated at temperatures 
between 5 °C and 55 °C. This set-up resulted in 16 test groups with twelve independent 
enamel specimens each. Contact profilometry was used to determine the erosive substance 
loss. After initial profilometry, specimens were immersed in the artificial mouth for 60 h, 
corresponding to 5 days with a respective duration of 12 h. During these 12 h, cyclic de- and 
re-mineralization was performed to imitate the intake of six drinks in six h followed by a six-
hour remineralization phase, during which only artificial saliva ran over the samples.  
After completion of the 60 h of experiment, final profilometry was performed. Total erosive 
enamel loss was determined by calculating the difference between baseline and final profiles. 
 
Enamel specimen preparation 
Enamel specimens were obtained from intact bovine incisors. After separation of the crown 
from the root, a water-cooled diamond core drill was used to prepare enamel samples with a 
diameter of 3 mm out of the labial tooth surfaces. Thereafter, specimens were embedded in 
acrylic resin blocks (Paladur, Heraeus Kulzer, Hanau, Germany). Enamel surfaces were 
ground with water-cooled silicon carbide paper discs (# 1000, # 2000, # 4000; Struers, 
Birmensdorf, Switzerland). A notch was placed in all samples to enable exact repositioning 
for the profilometric measurements.  
 
Artificial mouth 
All samples were submitted to alternating episodes of de- and remineralization in a so-called 
artificial mouth, which was described in detail previously [32]. This special custom-made set-
up was constructed to imitate physiological oral conditions. Hereby, the twelve specimens per 
group were centrally placed in a superfusion chamber at a constant temperature of 37 °C. The 
system further consisted of two electric pumps (IPC, Ismatec; Cole-Parmer GmbH, Wertheim, 
Germany), which supplied the specimens with artificial saliva (pump 1) or the tempered test 
drink (pump 2) through individual tubes via 12-channel T-tube connector. Test liquids were 
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stored at the required temperature in an isolated tank, which was controlled by a thermostat 
(Julabo F25, Julabo GmbH, Seelbach, Germany). Furthermore, test liquids were permanently 
pumped through the system to ensure the stability of the desired temperature level throughout 
the experiment. Liquid flow rate (280 mm/min), as well as the valve assembly controlling the 
intermittent alternation of erosive test liquids and artificial saliva were controlled by custom 
designed software (PPK laboratory, University of Zurich, Switzerland). Pump 1 was 
programmed to constantly supply the specimens with artificial saliva. Only during the 
demineralization phase the valve assembly was programmed to switch from pump 1 to pump 
2, which now provided the specimens with tempered test liquid. Each of the six simulated 
drinks was taken in 10 "sips", with one "sip" lasting for 10 seconds, followed by 50 seconds 
of clearance with artificial saliva. This set-up should represent the consummation of one drink 
in 10 min. For the following 50 min, only artificial saliva was circulated over the samples for 
remineralization. This sequence was repeated for 6 times (representing the consummation of 
six drinks in six h), followed by six h of remineralization with saliva (see Figure 1). 
 
Artificial Saliva 
Artificial saliva was prepared freshly every day. The composition of saliva was prepared as 
follows [mmol/l]: NaCl: 9.92; CaCl2: 1.53; NH4Cl: 2.99; KCl: 17.0; NaSCN: 1.97; KH2PO4: 
2.42; CO(NH2)2: 3.33; Na2HPO4: 2.40 [33]. The pH value was 6.4. Artificial saliva was 
supplied to the enamel samples via individual tubes, which were fed by pump 1 from the 
storage tank.  
 
Test liquids 
Following beverages were investigated at different temperatures: Orange Juice (Eckes-
Granini Suisse S.A., Henniez, Switzerland), Coca-Cola Zero (Coca-Cola HBC Switzerland 
AG, Brüttisellen, Switzerland) and Sprite Zero (Coca-Cola HBC Switzerland AG, 
Brüttisellen, Switzerland) were tested at the temperatures of 5 °C and 20 °C, whereas          
fruit tea 1 ("Fruit tea", Twinings of London™, Wander AG, Neuenegg, Switzerland; 
Ingredients: hibiscus, natural cranberry, pomegranate and strawberry flavour, 29% other 
natural flavors, apple pieces, rosehip and sweet wood) and fruit tea 2 ("Fruit tea Strawberry, 
Raspberry and Rhubarb", Lipton®, Unilever Deutschland GmbH, Hamburg, Germany; 
Ingredients: hibiscus, apple, flavor, rosehip, sweet wood, 2% strawberry, 2% raspberry, 2% 
rhubarb and maltodextrin) were tested at 20 °C, 37 °C and 55 °C. Citric acid served as 
control, and was investigated at all temperatures (5 °C, 20 °C, 37 °C and 55 °C).  
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Fruit teas were prepared according to the package instructions. One tea bag was used per 
200 ml of boiling hot water. The brewing time was set to five min. In order to avoid air 
bubbles disturbing the tube system, the originally carbonated drinks Coca-Cola Zero and 
Sprite Zero were decarbonated through shaking and use of a magnetic stirrer (IKA, Staufen 
im Breisgau, Germany) for a few minutes until the degassing process was finished. Further, 
the orange juice was centrifuged with 3000 rpm for three min (Hermle, Gosheim, Germany) 
to remove larger suspended particles that could have blocked the system. 
The pH values of all liquids were determined at the tested temperatures (pH-meter 827; 
Methrom, Herisau, Switzerland). In addition, total calcium content was evaluated (atomic 
absorption spectroscopy, contrAA® 300, Analytik Jena AG, Jena, Germany) as described 
elsewhere [34]. Furthermore, all beverages were titrated (686 Titroprocessor and 665 
Dosimat, Metrohm Schweiz AG, Herisau, Switzerland) at room temperature with 0.1 M 
NaOH solution to pH 5.5 for determination of the titrable acid.  
 
Profilometry 
Erosive substance loss was investigated by contact profilometry (Perthometer S2; Mahr, 
Göttingen, Germany). The stylus tip of the profilometer had a diameter of 2 µm, and moved 
with a speed of 0.13 mm/s. Five profiles with a set distance of 250 µm between each profile 
were recorded before (baseline profiles) and after the experiments (final profiles). A custom-
made jig ensured the reproducible positioning of the samples. After completion of the 
experiments, the exact superimposition of the baseline and respective final profiles was 
performed with custom designed software (4D Client, Custom designed software; University 
of Zurich, Switzerland) to calculate the average loss of substance per profile [35]. 
 
Statistical analysis 
For the descriptive statistics, the means and standard deviations of the substance loss for all 
liquids and tested temperatures were calculated. Differences in substance loss at different 
temperatures within each beverage were tested statistically by means of ANOVA, as 
assumptions of homogeneity and normality of errors were not critically violated. Differences 
with a p-value of ≤ 0.05 were considered statistically significant. Pairwise posthoc 
comparisons within each beverage group at different temperatures were calculated using 
Tukey's Honest Significance Difference Test. The statistical software R was used for the 
entire analysis [36]. 
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Results 
Table 1 presents the main active acids of the liquids, their pH values at all investigated 
temperatures, as well as their calcium values and titrable acidity at 20 °C [mmol/L]. No 
considerable change of pH was found with rising liquid temperature. Neither decarbonation of 
the soft drinks nor centrifugation of the orange juice had an effect on the described values 
(data not shown).  
Figure 2 shows the enamel loss caused by the examined liquids at the investigated 
temperatures after 60 h of experiment. Irrespective of liquid temperature, highest substance 
loss was observed for citric acid (Mean ± standard deviation of 33.6 ± 6 µm to 38.7 ± 6 µm), 
while only little erosion could be found in the fruit tea-treated specimens (0.8 ± 1 µm to 5.9 ± 
1 µm). When studying the temperature-dependent erosive potential, heterogeneous results 
were found (Figure 2). Citric acid, which was used as control, did result in rising substance 
loss at elevated temperature but this difference was not significant (p = 0.341) for any of the 
tested temperatures. The latter was also true for orange juice and for Coca-Cola Zero, whose 
substance losses at 5 °C and 20 °C did not differ significantly. Sprite Zero, however, was 
significantly more erosive (p < 0.001) at 20 °C than at 5 °C. Furthermore, both fruit teas 
caused significantly (p < 0.001) more substance loss at higher temperatures. Fruit tea 1 was 
significantly more erosive at 37 °C and 55 °C than at 20 °C, whereas no significant difference 
could be found between the two higher temperatures. Fruit tea 2 showed a slightly different 
pattern, being most erosive at 55 °C, while substance losses at 20 °C and 37 °C did not differ 
significantly.  
 
Discussion 
The present study aimed to analyze the erosive effect of common beverages in dependence of 
their temperature. Heterogeneous results were found. For citric acid, orange juice and Coca-
Cola Zero substance loss did not change significantly with rising temperature, while Sprite 
Zero and both fruit teas were significantly more erosive at higher temperatures.  
In order to simulate physiological oral conditions during sipping of a beverage as well as 
possible, a customized artificial mouth set-up was utilized. Enamel samples were subjected to 
reproducible erosive attacks in alternation with repeated remineralization with artificial saliva. 
This fact could explain the deviating results of the present study in comparison to other 
publications examining this matter. Two in vitro studies, which investigated the influence of 
temperature on the erosivity of citric acid, found significantly increasing erosion with rising 
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acid temperature at 5 °C, 35 °C and 60 °C (p <0.05) [18] and 4 °C, 20 °C, 35 °C and 50 °C (p 
< 0.05) [19]. This finding is in contrast to the results of the present investigation, which only 
found a trend towards more erosion with higher temperatures for citric acid. Due to the 
present inclusion of the remineralizing effect of saliva, the constant temperature of 37 °C of 
the samples, and the simulation of oral fluid dynamics, however, the experimental set up 
cannot be compared.  
Another investigation, which did analyze the effect of temperature on orange juice in 
interaction with cyclical exposure to artificial saliva, found significant (p < 0.01) more 
erosion at 20 °C than at 4 °C [17], while the present study did not detect statistically different 
enamel loss at 5 °C and 20 °C. In the cited study, however, specimens were immersed in 
stirred orange juice six times a day for five min, followed by rinsing with deionized distilled 
water and placement in artificial saliva. This set up resulted in a total of 30 min of exposure 
per day, and a total of 12 h of exposure to orange juice after the experimental duration of 24 
days. One can argue, that with time one certainly reaches this degree of exposure to erosives, 
but it is not imitating average drinking behavior in sipping mode. The present study tried to 
follow a more realistic "real to life" scenario by imitating the sip-wise consumption of 
erosives followed by 50 seconds of saliva contact, resulting in a total contact time of ten min 
per day, which is already mimicking high-risk behavior.  
Furthermore, in the cited studies specimens were immersed in acid for five min [17], ten min 
[18] and two h [19] respectively, with the consequence that specimens will have adopted the 
acid's temperature. This fact might have also contributed to the more distinct differences 
between the temperature groups. Of course in the present investigation superficial enamel 
layers will have also approximated the temperature of the test liquid during the ten seconds of 
demineralization. They will, however, swiftly have returned to body temperature of 37 °C in 
the following 50 seconds of salivary flow due to the temperature control of the superfusion 
chamber.  
The results of the present experiments cannot be directly translated into the clinical situation. 
Nevertheless relative rather than absolute differences are of relevance, which were presented 
for the examined beverages at varying temperatures in a controlled experimental set-up. Out 
of evident ethical reasons no clinical data from in-vivo studies is available, which can be 
consulted for comparison. However, a few in-situ studies investigated the enamel loss of 
intra-orally worn enamel specimens. With this kind of set-up Wiegand and Attin [37] found 
an enamel loss of 2.2 ± 1.3 µm after 5 days of 6 extra-orally performed erosive impacts 
(immersion of specimens for 90 sec in 100ml of Sprite). An other in-situ study [38]found an 
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enamel loss of 2.37 ± 1.11 µm on intra-orally worn enamel specimens after 15 days with 4 
erosive attacks/day (250 ml of orange juice sipped over a period of 10 min). In the same study 
[38] an in-vitro part was performed (agitation of specimens in 250 ml of orange juice for 10 
min, four times a day for 15 days), where 22.04 ± 2.22 µm of enamel loss was found. 
The protocols of these studies are of course not comparable to the one used in the present 
investigation. However, the range of difference between the cited in-situ results and our 
findings seems to be in the range of 10-fold, therefore indicating clinical relevance. 
The consumption temperature of erosive beverages varies greatly depending on the specific 
product, which ranges from acidic ice-chilled soft drinks to hot citrus lemonades. Cold 
remedies, which frequently contain citric acid, are often consumed at very high temperatures. 
The temperatures investigated in this study are typical for the consumption of the selected 
beverages. Orange juice, Coca-Cola Zero and Sprite Zero were tested at 5 °C, a temperature 
corresponding to a drink freshly taken out of the refrigerator, and at 20 °C, which corresponds 
to a beverage stored at room temperature. Fruit teas were tested at 20 °C (room temperature) 
as well as 37 °C (body temperature), a standard temperature that is almost reached once a 
beverage is kept in the mouth for some time. The temperature of 55 °C was decided in a pre-
experiment, and was unisonous determined as highest temperature well bearable by a group of 
5 testers. This also resembles the recommended optimal drinking temperature of 
approximately 57.8 °C [39]. Citric acid, which served as control, was tested at all described 
temperatures. 
The tested liquids differed greatly from each other with respect to type of acid, pH, amount of 
titrable acid and calcium contents. This may explain the different erosive potentials of the 
liquids, being highest for citric acid, followed by orange juice, Coca-Cola Zero and Sprite 
Zero. Least erosive tooth substance loss was observed for the fruit teas. One reason for their 
low erosivity can be found in their acidic composition, containing not only citric but also the 
less potent malic and oxalic acid. Furthermore, both fruit teas had a relatively high calcium 
content due to their preparation with tap water, which presents a natural source of this 
mineral. The erosivity of the same fruit tea may therefore vary, depending on the regional 
water quality and mineral composition.  
With the exception of orange juice, all beverages showed a tendency of a higher erosivity 
with rising temperatures. This can be explained by the common phenomenon that the rate of 
chemical reactions is accelerated with rising temperatures, such as the temperature-dependent 
calcium diffusion in bovine enamel [40]. It can however only be speculated why some of the 
tested drinks showed a significant temperature-dependent rise in erosivity, while the others 
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did not. Since the erosive potential of acidic beverages is influenced by many different factors 
and their interaction, it may not be feasible to identify one single parameter as being 
responsible for this reaction. 
It was not possible to pursue the experiment with human saliva due to three main reasons. 
First, the number and extent of experiments would have required an infeasible amount of 
saliva. Sufficient amounts of artificial saliva, however, can be prepared freshly with a 
consistent composition, which leads to a high degree of standardization [41]. Second, due to 
the duration of the tests that were performed at body temperature, human saliva would have 
decomposed and blocked the delicate tube system. Third, the composition of human saliva 
underlies great variation inter- and intra-individually, intraday, and according to the type and 
duration of stimulation [42]. Furthermore, individual salivary factors, such as mucin content, 
protein composition and viscosity are essential determinants of the saliva’s protective effect 
against erosive lesions [43]. The use of different saliva donors would have added variance to 
the results and diverted from the main aim of the study. Nevertheless, certain properties such 
as formation of the acquired salivary pellicle, which has the ability to reduce the erosive 
destruction [44, 45], cannot be mimicked by artificial saliva. Additionally, mucin added to the 
artificial saliva has shown to block the pumping system of the artificial mouth. This fact needs 
to be mentioned as limitation in the interpretation and generalization of the present results.  
Intact extracted human teeth are in great need for both teaching and research purposes [46]. 
Decreasing tooth extraction numbers, which are due to better hygiene awareness, as well as 
incorrect storage of extracted teeth have led to a shortage of extracted human teeth for these 
purposes [47]. The substitution of human with bovine enamel for research purposes is 
therefore common due to the limited number of intact extracted human teeth available. 
Human and bovine prismatic enamel show similarities in the surface ultrastructure of initial 
erosive lesions as well as in the progression thereof [48]. It was shown, however, that an 
erosive attack results in more enamel loss in bovine than in human teeth [49, 50]. When 
keeping this fact in mind, bovine enamel can nevertheless be considered as suitable substitute 
for human enamel for demineralization and remineralization studies, especially when the 
relative effect of different agents is examined rather than absolute tissue loss [41], as it was 
the case in this study.  
 
Conclusions 
Not all investigated liquids showed a significant temperature-induced change in erosivity. 
Nevertheless, for some erosive beverages it is recommended to keep the consummation 
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temperature as low as possible because of significantly higher erosive potential with higher 
temperatures. 
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Tables  
 
Table 1 
Presentation of the pH values at all tested temperatures as well as the titrable acid and calcium 
content of the examined liquids. Main active acids were determined from the manufacturers' 
data. 
Fruit tea 1 - Twinings of London™ fruit tea, fruit tea 2 - Lipton fruit tea Strawberry, 
Raspberry and Rhubarb 
 
Liquid 
 
Main active acid pH value at Titrable acid 
[mmol/L] 
Calcium 
[mmol/L] 
5 °C 20 °C  37 °C 55 °C to pH 5.5 20 °C  
Citric acid Citric acid 2.68 2.70 2.76 2.68 15.1 0.00 
Orange Juice Citric acid 3.9 3.88 - - 80.0 1.75 
Coca-Cola Zero Phosphoric acid 2.73 2.76 - - 8.0 0.19 
Sprite Zero Citric acid 3.08 3.01 - - 31.3 0.23 
Fruit tea 1  Citric/Malic acid - 3.24 3.24 3.25 8.4 1.95 
Fruit tea 2 Citric/Malic/Oxalic acid 
- 3.31 3.32 3.33 8.7 1.93 
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Figure Legends 
 
Figure 1 
Schematic illustration of the experimental procedure.  
 
Figure 2 
Enamel loss [µm] caused by the examined liquids at the tested temperatures.                   
Identical superscript letters indicate that there was no significant difference within the liquid 
group at different temperatures (p-value of ≤ 0.001, tested by pairwise posthoc comparisons 
calculated using Tukey's Honest Significance Difference Test). 
 
 
 
 


